One acetamide and 5 acetanilide herbicides are currently registered for use in the United States. Over the past several years, ethanesulfonic acid (ESA) and oxanilic acid (OA) degradation products of these acetanilide/acetamide herbicides have been found in U.S. ground waters and surface waters. Alachlor ESA and other acetanilide degradation products are listed on the U.S. Environmental Protection Agency's (EPA) 1998 Drinking Water Contaminant Candidate List. Consequently, EPA is interested in obtaining national occurrence data for these contaminants in drinking water. EPA currently does not have a method for determining these acetanilide degradation products in drinking water; therefore, a research method is being developed using liquid chromatography/negative ion electrospray/mass spectrometry with solid-phase extraction (SPE). A novel chromatographic separation of the acetochlor/alachlor ESA and OA structural isomers was developed which uses an ammonium acetate-methanol gradient combined with heating the analytical column to 70°C. Twelve acetanilide degradates were extracted by SPE from 100 mL water samples using carbon cartridges with mean recoveries >90% and relative standard deviations £16%.
A cetanilide herbicides are frequently applied in the United States on crops (e.g., corn, soybeans, popcorn) to control broadleaf and annual weeds. Those currently registered for use in the United States are alachlor, acetochlor, metolachlor, propachlor, flufenacet, and one acetamide herbicide, dimethenamid. In this report, all the degradates are referred to as acetanilide degradation products. Of these, only alachlor is regulated in drinking water by the U.S. Environmental Protection Agency (EPA) at a maximum contaminant level of 2 µg/L (1). However, recent reports on degradation products of acetanilide herbicides have generated increased interest and were likely instrumental in the placement of alachlor ethanesulfonic acid (ESA) and other acetanilide degradation products on the EPA's 1998 Drinking Water Contaminant Candidate List (CCL; 2). The 1996 amendments to the Safe Drinking Water Act (SDWA) require the EPA to publish a list of contaminants that are known or anticipated to occur in public water systems and may require regulation under the SDWA. The first Drinking Water CCL, published in 1998, includes 50 chemical and 10 microbiological contaminants. The EPA must make a regulatory decision on 5 of the CCL contaminants every 5 years based on occurrence, treatment, and health effect research. Therefore, EPA must gather occurrence, treatment, and health effect data on alachlor ESA and other acetanilide degradation products in order to make a regulatory decision on the acetanilide degradates.
The ESA and oxanilic acid (OA) degradates (Figure 1 ) of the parent herbicides are the acetanilide degradation products most often reported in the literature, and sulfinyl acetic acid (SAA) degradates are believed to be intermediate to ESA (3) (4) (5) (6) (7) . Acetanilide degradation products are generally more water soluble and mobile than the parent herbicide; thus, there is greater potential for these degradates to be found in ground and surface waters. The ESA and OA degradates of alachlor, metolachlor, and acetochlor have been reported in U.S. Midwestern surface and ground waters in concentrations as high as 20 µg/L (3-7). For some herbicide degradates, including acetanilide herbicides, the degradate's frequency of occurrence and concentrations are reported to be higher than those of the parent herbicides by as much as 50 times in ground and surface waters (3, 6, 8) .
Although ESA and OA acetanilide degradates indicate the presence of these species in ground and surface waters, no studies of finished drinking water samples have been reported for these ESA and OA degradates of acetanilide herbicides. Although one study demonstrated that alachlor ESA is not of toxicological concern (9), more studies on the toxicity and carcinogenesis of all the acetanilide ESA, OA, and SAA degradates would be useful. To determine the frequency and concentration of acetanilide degradate contamination in drinking water, a nationwide occurrence study in finished drinking water must be undertaken. Thus, an accurate and pre-cise analytical method is needed to detect the acetanilide herbicide degradates in drinking water.
The reported methods (4, 10) do not address issues specific to analyzing compounds in finished drinking water. Because many were developed for ground water, dechlorination and multiple matrixes are not addressed. In addition, none of the reported methods contain all the target acetanilide degradates shown in Figure 1 . In addition, SAA degradate standards for dimethenamid, acetochlor, and propachlor are not available. The methodology used by Aga et al. (4) and Vargo (10) were the starting points for the methodology we developed. Current reports on alachlor ESA cite liquid chromatography (LC)/photodiode array or LC/mass spectrometry (MS) techniques as the preferred analytical approaches because of the ionic nature of the compound (10, 11) . Similarities in the structures of the ESA and OA acetanilide degradates cause their ultraviolet (UV) spectra to be very similar. In addition, these reports indicate that alachlor ESA and acetochlor ESA cannot be separated on conventional LC columns (e.g., C 18 , C 8 ). Similar UV spectra combined with these chromatographic separation difficulties suggest that UV detection will not provide sufficient selectivity. Our methodology will be used to determine the occurrence of acetanilide degradates in drinking water; therefore, positive confirmation by MS is desired. Our approach uses LC/MS with negative ion electrospray ionization (ESI) as the detection scheme of choice. However, this technique has a problem similar to that of UV detection. Not only are alachlor ESA and acetochlor ESA not separated on conventional LC columns, but they also have the same molecular weight. LC/MS typically only provides a protonated molecule [M+H] + or deprotonated molecule [M-H] -; therefore, alachlor ESA and acetochlor ESA would be indistinguishable by LC/MS. Alachlor OA and acetochlor OA would also be indistinguishable by LC/MS (without fragmentation) for the same reason. In-source collisionally activated dissociation (CAD) on LC/MS instruments or tandem mass spectrometry (MS/MS) has produced unique product ions for the ESA and OA degradates of alachlor and acetochlor (10, 12) . However, the in-source CAD and MS/MS fragment ions unique to acetochlor ESA and alachlor ESA are not very abundant, thus compromising sensitivity.
This study demonstrates novel chromatographic separation of alachlor and acetochlor ESA and OA degradates by LC/MS, without in-source CAD, and presents preliminary carbon solid-phase extraction (SPE) results for 12 ESA, OA, and SAA acetanilide pesticide degradates ( Figure 1 ) in water matrixes. Once this method is fully developed, future occurrence data gathered with this method can then be used to determine the regulatory status of acetanilide herbicide degradation products in drinking water. (e) Ammonium acetate (10mM).-Prepared by adding 0.77 g ammonium acetate to 1 L deionized water. The spiking mix and calibration standards were prepared in 10mM ammonium acetate. Three or 4 point linear calibration curves were generated daily using DCPAA as internal standard at 2 ng/µL. Calibration points were generated at 0.05, 0.10, 0.25, and 0.50 ng/µL. The 200 mL tap water samples were each dechlorinated with 10 mg sodium sulfite.
Experimental

Reagents and Standards
Solid-Phase Extraction
Three SPE sorbents were evaluated for concentration of acetanilide degradates from water: Varian (Sugarland, TX) Bond Elut C 18 , Varian Bond Elut C 18 OH, and Supelco (Bellefonte, PA) ENVI-CARB carbon cartridges. A manual 12-port SPE cartridge manifold was used in all studies. For C 18 (6 mL, 500 mg) and C 18 OH (3 mL, 500 mg) cartridges, the sorbents were conditioned with 10 mL methanol followed by 25 mL deionized water without allowing cartridge to dry. Water samples were pulled by vacuum through the C 18 or C 18 OH cartridges at a flow rate of 10 mL/min. Target analytes were eluted from the cartridge with 5 mL methanol at ca 5 mL/min. For carbon cartridges (6 mL, 250 mg), the sorbent was conditioned with 10 mL 10mM ammonium acetate in methanol (prepared by adding 0.77 g ammonium acetate to 1 L methanol) followed by 25 mL deionized water without allowing the cartridge to dry. Water samples were passed through cartridges at a flow rate of 10 mL/min. The target analytes were eluted from the carbon cartridge with 5 mL 10mM ammonium acetate prepared in methanol. All extracts were evaporated to dryness with a nitrogen stream in a 70°C water bath and reconstituted in 1 mL 10mM ammonium acetate prepared in deionized water.
Liquid Chromatography/Mass Spectrometry
Extracts were analyzed on a ThermoFinnigan (San Jose, CA) TSQ700 triple quadrupole mass spectrometer equipped with atmospheric pressure ionization source and Agilent (Palo Alto, CA) HP1090 LC. The target analytes were quantitated by negative ion ESI using the peak area of the [M-H] -for each target analyte. The sheath gas (70 psi), auxillary gas (20, unitless), and heated capillary temperature (275°C) were optimized on m/z 314 alachlor ESA (0.25 mg/L) infused at 0.4 mL/min. An Agilent Hypersil (2.1 × 100 mm, 5 µm) C 18 analytical column was used to separate the target analytes at a flow rate of 0.4 mL/min and column temperature of 70°C. The injection volume used was 100 µL. The binary mobile phase gradient composition was (A) 10mM ammonium acetate (0.77 g ammonium acetate in 1 L deionized water, pH = 7.0, un- degradates (4, 10) . Alachlor ESA and acetochlor ESA (and OA degradates) are structural isomers, and thus have the same molecular weight. Conventional LC analytical columns have proven unsuccessful at separating these structural isomers under typical operating conditions. Alachlor ESA and acetochlor ESA have been separated by several different approaches (E.M. Thurman, U.S. Geological Survey, Lawrence, KS, personal communication). One approach involved an acetic acid-methanol-acetonitrile mobile phase and heating the C 18 analytical column to 65°C (13) . Under these conditions, chromatographic separation of alachlor and acetochlor ESA was achieved, but not alachlor and acetochlor OA; therefore, in-source CAD was used to separate the OA structural isomers. With the other approach, using a photodiode array detector, alachlor and acetochlor ESAs and OAs were separated on 2 in-series C 18 analytical columns heated to 60°C with a potassium phosphate buffer (14) .
These difficulties have led to the use of MS/MS to separate the critical pairs (10) . The MS/MS spectra of alachlor ESA and acetochlor ESA are very similar with only one dissimilar product ion for each. The product ions which are different for alachlor ESA and acetochlor ESA are present at <20% relative abundance, producing considerable loss in sensitivity. To avoid this loss in sensitivity and added complexity of analysis, we investigated other conditions to separate these critical pairs.
We attempted chromatographic separation using various types of reversed-phase analytical column materials, such as carbon and alkylamide. Separation was not achieved on these columns under any of the mobile phase conditions used, including addition of volatile buffers or salts. Because addition of a salt allowed Hostetler and Thurman (14) to separate alachlor and acetochlor ESA, we used a C 18 analytical column with 10mM ammonium acetate in water-methanol mobile phase, and heated the column to 70°C. The mass chromatogram (∑m/z 264 and 314; Figure 2 ) demonstrates the separation of alachlor ESA, acetochlor ESA, alachlor OA, and acetochlor OA achieved with the ammonium acetate-methanol mobile phase gradient and heating the column to 70°C. There was some concern that operating C 18 analytical columns near their upper temperature limit would significantly decrease their lifetime and contribute to a steady loss in resolution with usage. However, this was not the case as long as the column was cooled to room temperature before flow to the column was stopped. With the column operated at 70°C with the 10mM ammonium acetate-methanol mobile phase over 7 months, the average resolution (n = 10) of the alachloracetochlor OA pair was 0.95 + 0.05 and the alachloracetochlor ESA pair was 1.22 + 0.06 (baseline resolution = 1.5). Thus, the column performed satisfactorily at this elevated temperature for extended periods of time.
The total ion chromatogram in Figure 3 illustrates the separation of all 12 target analytes at 1 ng/µL with these gradient conditions and at the 70°C column temperature. This chromatogram also shows peak splitting for dimethenamid ESA (and sometimes for dimethenamid OA), which others have attributed to stereoisomers of the degradates (10, 15) . The LC conditions can be adjusted to correct for this peak splitting; however, this causes undesirable loss in resolution of the alachlor-acetochlor ESA and OA pairs. Thus, the dimethenamid ESA was quantitated by summing the areas for the 2 peaks.
Because peak splitting caused by stereoisomers was observed for dimethenamid ESA and OA, it was necessary to verify that the separation observed for alachlor ESA-acetochlor ESA and alachlor OA-acetochlor OA was indeed separation and not peak splitting caused by stereoisomers of the degradates. The mass chromatograms in Figure 4 show the unique product ions obtained by MS/MS of alachlor OA (m/z 160), acetochlor OA (m/z 146), alachlor ESA (m/z 176), and acetochlor ESA (m/z 162). In the SRM experiments, the precursor ion undergoes CAD in the center octapole, and only one product ion is scanned with the second mass analyzer of the MS. Thus, SRM of a mixture of alachlor-acetochlor ESAs and OAs should produce 4 distinctive peaks. If the separations are due to stereoisomers, each of the 4 product ions should show split peaks. SRM of the mixture of the ESA and OA degradates of alachlor and acetochlor produced the 4 distinct chromatographic peaks, one for each product ion (Figure 4) . Because there is no evidence of peak splitting for the individual product ions, MS/MS has proven that alachlor and acetochlor critical degradate pairs have been separated under these conditions.
Internal standards (IS) are an important part of any MS methods development research to achieve the highest quality data. Although the IS should be similar in properties and structure to the target analytes, obtaining an IS with these similarities is not always possible. We evaluated over 30 organic acids, but had to eliminate many of them because of lack of retention (e.g., 1,2-naphthoquinone-4-sulfonic acid, 4-bromomandelic acid, 2,5-dihyroxy-1-benzendiacetic acid), poor peak shape (e.g., 4′-bromoacetoacetanilide) under these LC conditions, or poor ESI sensitivity (e.g., 2,2-diphenylpropionic acid). DCPAA was the only compound that met the criteria for an IS. DCPAA was used in this work as the IS for all the target analytes, but was less than ideal. The sensitivity of DCPAA (but not the target analytes) tended to increase or decrease randomly from day to day, but stayed fairly consistent [relative standard deviation (RSD) <15%] within a 24 h period. Therefore, IS calibration curves were generated daily for this preliminary work. As shown in Figure 3 , DCPAA elutes early in the chromatogram when the percentage of water in the mobile phase is high. ESI techniques typically have greater sensitivity and precision with higher organic content in the mobile phase. Therefore, DCPAA may not perform well in the long run, and current efforts are once again focused on identifying better candidates for IS.
Solid-Phase Extraction
The next challenge in method development was to concentrate the target analytes from water by using a suitable solid-phase sorbent. The goal was to find an SPE procedure that, combined with LC/MS analysis, would produce a method that met our data quality objectives of 70-130% mean recovery (% of true value) and <30% RSD. Current literature reports the use of C 18 or polystyrenedivinylbenzene as SPE sorbents to extract ESA and OA degradates of acetochlor, alachlor, metolachlor, and dimethenamid ESA from water (4, 10, 14) . Recoveries for these compounds are generally >90%, indicating good retention of analytes on these sorbents. However, no reports indicate recoveries of propachlor ESA, OA, SAA, or dimethenamid OA. Thus, we conducted experiments on all 12 target analytes to determine recoveries on C 18 SPE cartridges using a procedure similar to that of Aga et al. (4) , as well as on other types of SPE sorbents. Table 1 illustrates the mean percent recovery, using various SPE sorbents, of 100 mL deionized water samples fortified with 2.5 µg/L acetanilide degradates. The C 18 mean recoveries (n = 4) for acetochlor, alachlor, and metolachlor degradates, as well as dimethenamid ESA, were 75-105% with RSDs of 9-20% (data generated without an IS). This is consistent with published data on C 18 or polystyrenedivinylbenzene sorbents (9, 10) . However, the propachlor degradates and dimethenamid OA are poorly recovered on C 18 sorbents because of their greater water solubility, as evidenced by their early retention times on the C 18 analytical column. Thus, C 18 SPE sorbents are not suitable for a method that includes all 12 acetanilide degradates.
To extract the more water-soluble propachlor and dimethenamid degradates, we evaluated C 18 OH cartridges. These cartridges are not encapped and therefore have more silanol groups for interaction with polar analytes. As shown in Table 1 , mean recoveries on C 18 OH were generally much lower than C 18 recoveries, suggesting that C 18 chains are more critical for extraction than are silanol groups. Table 1 also shows mean recoveries of acetanilide degradation products when carbon cartridges were used. As typical with carbon sorbents, preliminary studies with carbon sorbents gave low recoveries because the analytes were difficult to remove from carbon once adsorbed (data not shown). We tried using several water-soluble solvents to elute the analytes from the carbon cartridges with little or no success. Research on carbon LC columns (16) and carbon SPE sorbents (17) has indicated that anions are retained on carbon by electronic interaction of the delocalized electrons present on the carbon surface and the lone electron pairs of the target anions. Thus, an electronic modifier (species containing lone electron pairs, such as trifluoroacetic acid) added to the mobile phase competes for electrons on the carbon surface and allows for elution of acidic analytes from carbon (16) . With this in mind, we added 10mM ammonium acetate to the methanol during the elution step and found it to be effective for removing acetanilide degradates from the carbon SPE cartridges, which produced mean recoveries (n = 4) of 91-105% with RSDs of 3-15% for all target analytes in 100 mL deionized water samples. These recoveries were much better for propachlor and dimethenamid degradates than were recoveries on C 18 cartridges. For the acetanilide degradates, the retentive capacity of carbon sorbents may allow the use of sample volumes larger than the 100 mL typically used for C 18 sorbents. A preliminary breakthrough study was performed on the carbon cartridges to determine whether there is a sample volume limit. Deionized water sample volumes of 100, 200, and 500 mL were spiked with 250 ng of each acetanilide degradate, producing sample concentrations of 2.5, 1.25, and 0.5 µg/L, respectively. For 8 of the 12 analytes, the mean recoveries were >88% ( Figure 5 ). However, alachlor OA (73%), acetochlor OA (80%), propachlor SAA (79%), and alachlor SAA (65%) showed a significant loss in recovery in the 500 mL samples compared with the 100 mL samples. In general, the SAA degradates also have higher RSDs. These losses were rather surprising because the more water-soluble compounds (e.g., propachlor and dimethenamid degradates) would be expected to break through the sorbent before the alachlor and acetochlor degradates. Alternatively, these analytes may not be efficiently eluted from the carbon sorbent under the current conditions. Further studies are planned with the 500 mL samples to determine if elution flow rate (i.e., contact time) or ammonium acetate concentration can be optimized to aid in the recoveries of these 4 degradates.
When fully developed, this method will be used to determine the frequency and concentration of these acetanilide degradation products in finished drinking waters across the United States. A preliminary study was conducted to evaluate whether typical tap water components affect the recovery of acetanilide degradates on carbon sorbents. Table 2 depicts the mean recoveries (n = 4) of acetanilide degradates spiked into 200 mL tap water dechlorinated with sodium sulfite at 1.25 µg/L. Tap water mean recoveries on carbon SPE cartridges were 73-105% with RSDs of 3-24%. Tap water recoveries were similar to those for 200 mL deionized water ( Figure 5 ). In general, these results meet our data quality objectives, although a preservative is still needed and more types of water matrixes need to be evaluated. Detection limit studies are also needed once the SPE procedure is optimized. Current estimates, based on a sample volume of 500 mL, indicate that a method detection limit (MDL; 18) of <0.1 µg/L will be achievable for most of the target analytes with the described procedure.
Conclusions
The aim of this research was to develop an EPA method to determine the ESA, OA, and SAA acetanilide degradation products in finished drinking water. The method will be used to determine the frequency and concentration of these degradation products in a national drinking water occurrence study.
The preliminary method development work demonstrated a novel LC separation of acetochlor-alachlor ESA and OA structural isomers using an ammonium acetate-methanol gradient combined with heating of the analytical column to 70°C and detection by ESI/MS. This study demonstrated extraction of all 12 ESA and OA degradates of alachlor, acetochlor, metochlor, propachlor, and dimethenamid from water. All 12 acetanilide degradates were extracted from 100 mL water samples using carbon SPE cartridges with mean recoveries >90%, which meets the data quality objectives (70-130%) of this project. The carbon SPE cartridges also showed promise in recovering these analytes from larger sample volumes, although some optimization of the SPE procedure may still be needed. Future work will focus on obtaining flufenacet degradates, finding suitable internal and surrogate standards for quantitation, and identifying dechlorination/preservation methods so that samples may be shipped and stored for a minimum of 14 days. In addition, detection limits for this LC/MS method will be determined by carbon SPE with a detection limit goal of <0.1 µg/L for each degradate.
